A large non-coding RNA, termed a-Fur, of~1000 nt has been detected in the extreme acidophile Acidithiobacillus ferrooxidans encoded on the antisense strand to the iron-responsive master regulator fur (ferric uptake regulator) gene. A promoter for a-fur was predicted bioinformatically and validated using gene fusion experiments. The promoter is situated within the coding region and in the same sense as proB, potentially encoding a glutamate 5-kinase. The 39 termination site of the a-fur transcript was determined by 39 rapid amplification of cDNA ends to lie 7 nt downstream of the start of transcription of fur. Thus, a-fur is antisense to the complete coding region of fur, including its predicted ribosome-binding site. The genetic context of a-fur is conserved in several members of the genus Acidithiobacillus but not in all acidophiles, indicating that it is monophyletic but not niche specific. It is hypothesized that a-Fur regulates the cellular level of Fur. This is the fourth example of an antisense RNA to fur, although it is the first in an extreme acidophile, and underscores the growing importance of cis-encoded non-coding RNAs as potential regulators involved in the microbial iron-responsive stimulon.
INTRODUCTION
Iron is an important micronutrient for micro-organisms because it is used as a cofactor for a large number of enzymes and electron transport proteins (Williams, 2012) . However, it can also catalyse the Fenton reaction, generating hydroxyl radicals ( ? OH) that can damage many biological components, including DNA and proteins (Imlay, 2008; Cornelis et al., 2011) . It is found at levels of~10 218 M (Andrews et al., 2003; Williams, 2012) in neutral, aerobic environments, which is far below the minimum requirement for bacterial growth (10 27 M) (Andrews et al., 2003) . Consequently, micro-organisms have evolved complex systems for the uptake of iron, and have developed tight intracellular homeostatic controls to balance iron uptake and storage to avoid possible oxidative stress (Imlay, 2008; Cornelis et al., 2011) . In many bacteria, this regulation is achieved by the action of the Fur (ferric uptake regulator) protein.
In iron-rich conditions, Fur binds Fe 2+ (Mills & Marletta, 2005) and functions as a transcriptional repressor by binding to Fur boxes near promoter sequences blocking the entry of RNA polymerase, thus inhibiting initiation of RNA transcription. Genes regulated in this manner include those involved in the biosynthesis of siderophores and iron uptake (Friedman & O'Brian, 2003; Quatrini et al., 2007; Gao et al., 2008; Butcher et al., 2012) , genes encoding small RNAs such as fsrA and ryhB (Smaldone et al., 2012; Massé & Gottesman, 2002; Salvail & Massé, 2012) , and many other genes involved in iron homeostasis (reviewed by Salvail & Massé, 2012) . Under iron-limiting conditions, Fur no longer binds Fe 2+ , reducing its affinity for Fur boxes and thus allowing transcription to proceed (Baichoo et al., 2002; Ochsner et al., 2002; Butcher et al., 2012) . In the case of the siderophore and iron-uptake genes, this results in increased uptake of iron into the cell. The derepression of fsrA and ryhB, however, produces small RNAs that repress the transcription of several genes encoding non-essential iron-containing proteins. In this sense, Fur acts indirectly as an activator. However, it has recently been shown that Fur can also act as a transcriptional activator without the assistance of protein or RNA intermediates. For example, it mediates activation of ftnA transcription in Escherichia coli by competition with H-NS (Nandal et al., 2010) . In Neisseria gonorrhoeae, it regulates norB expression by preventing the binding of an ArsR-type repressor whose putative binding site overlaps the Fur binding site (Isabella et al., 2008) . Fur has also been proposed to regulate directly 15 other genes with diverse functions, such as nspA (an outer-membrane protein), bfrA (iron acquisition and storage) and nuo (NADH-quinone oxidoreductase subunit ABCDE) (Yu & Genco, 2012) .
Fur is an abundant cellular protein (Zheng et al., 1999; Watnick et al., 1997; Vasil & Ochsner, 1999) , and its expression is regulated by different factors depending on the micro-organism. The most common type of Fur control is autoregulation. The presence of several iron boxes in the promoter region of fur allows binding of Fur, providing different levels of auto-control in E. coli (De Lorenzo et al., 1988) , Neisseria meningitidis (Delany et al., 2003) , the cyanobacterium Anabaena sp. strain PCC 7120 (Bes et al., 2001) , Helicobacter pylori (Danielli et al., 2006) , Listeria monocytogenes (Ledala et al., 2007) and others.
Fur expression in E. coli is also modulated by other transcriptional regulators. Its transcription can be activated by the general regulators of the oxidative stress response, OxyR and SoxRS (Zheng et al., 1999) , and by the cAMP/ catabolite activator protein system (De Lorenzo et al., 1988; Zhang et al., 2005) . In Vibrio vulnificus, fur transcription can be modulated by RpoS promoting Fur expression in the stationary growth phase (Lee et al., 2003) . In the cyanobacterium Anabaena sp. strain PCC 7120, fur transcription is modulated by NtcA, a regulator involved in nitrogen metabolism (Ló pez-Gomolló n et al., 2007) . In Mannheimia haemolytica, an increase of fur transcription was described under oxidative stress conditions mediated by superoxide, but exhibited a decrease in transcription during peroxide stress (Gioia & Highlander, 2007) .
In addition to transcriptional regulation, it has been shown that cellular levels of Fur can be regulated by a cis-encoded fur antisense RNA termed a-furA or a-fur. The a-furA RNA described in Anabaena sp. PCC 7120 was the first regulatory RNA described as a modulator of fur expression (Hernández et al., 2006) . Recently, two additional cases of a-fur have been described in the cyanobacteria Microcystis aeruginosa PCC 7806 and Synechocystis sp. PCC 6803 Martin-Luna et al., 2011) .
Acidithiobacillus ferrooxidans is a chemolithoautotroph and an extreme acidophile with a growth optimum of pH 2.5. It is an important member of a microbial consortium that participates in the bioleaching of minerals from ores (Rawlings, 2005) and is found commonly in acid mine drainages (He et al., 2007; Denef et al., 2010; Bertin et al., 2011; Jones et al., 2012) . Its genome has been sequenced fully (Valdés et al., 2008) . A gene encoding Fur and several target genes of Fur regulation, including those encoding iron storage proteins, other transporters and transcriptional factors, have been identified in A. ferrooxidans (Quatrini et al., 2005a, b; Osorio et al., 2008a) .
However, in contrast to other organisms in which Fur has been described, the environment of A. ferrooxidans is often rich in dissolved iron that can reach concentrations of 0.1 M at pH 2 due to the solubility of iron at low pH compared with its bioavailability under neutral aerobic conditions {[FeIII] pH 7510 218 M}. A. ferrooxidans can also live by oxidizing reduced sulfur compounds in environments with higher pHs (up to pH 5) where iron becomes limiting (Osorio et al., 2008b; Quatrini et al., 2009 ). In addition, A. ferrooxidans oxidizes Fe 2+ as an energy source and thus must balance the use of iron as a micronutrient versus its use as an energy source. Thus, questions arise as to whether Fur is involved in the regulation of iron uptake in environments with widely fluctuating iron concentrations and whether it is involved in helping to modulate the balance between iron uptake versus iron oxidation. This makes A. ferrooxidans a particularly interesting model for understanding iron homeostasis in extreme environments (Bonnefoy & Holmes, 2012) .
Previous studies have determined that the levels of intracellular Fur in A. ferrooxidans vary with different growth conditions, in which higher levels of intracellular Fur were detected in A. ferrooxidans grown using sulfur versus iron as an energy source, without concomitant variations in fur mRNA levels (Quatrini et al., 2005b) . One model to explain these results is that cellular levels of Fur could be regulated post-transcriptionally. Here, we present evidence for a-fur, a cis-encoded fur antisense gene in A. ferrooxidans whose RNA product is a candidate for achieving this type of regulation.
METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids are described in Table 1 . A. ferrooxidans was grown in modified 9K basal salt media [0.1 g K 2 HPO 4 .3H 2 O l 21 , 0.4 g MgSO 4 .7H 2 O l 21 , 0.4 g (NH 4 ) 2 SO 4 l 21 ] adjusted to pH 1.6 and containing iron (100 mM FeSO 4 ) or adjusted to pH 3.5 and containing sulfur (0.05 %, w/v, ethanol-sterilized powdered sulfur, adjusted to pH 3.5 with H 2 SO 4 ) at 30 uC under aerobic conditions on a rotary shaker at 150 r.p.m. as described previously (Quatrini et al., 2005b) . E. coli was grown at 37 uC in Luria broth (LB) with the pertinent antibiotics [ampicillin (Amp; 100 mg ml 21 ) and/or streptomycin (100 mg ml 21 )] as indicated in Table 1 .
Sampling and RNA isolation. A. ferrooxidans cultures were centrifuged and pellets were resuspended in 100 ml TE buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8.0), followed by addition of 10 ml lysis RNase-free buffer (0.5 M Tris/HCl, 20 mM EDTA, 10 %, w/v, SDS, pH 6.8) and boiling in a water bath for 5 min. The RNA was then isolated using the RNeasy Mini kit (Qiagen). Contaminating DNA was removed using RNase-free DNase I (Fermentas) according to the manufacturer's recommendations. The absence of DNA was checked by PCR.
Reverse transcriptase PCR (RT-PCR) analysis. Reverse transcriptions were carried out using RevertAid reverse transcriptase (Fermentas) and the specific oligonucleotide (Table 2) according to the manufacturer's recommendations; 0.5 mg total RNA was used for each reaction. Different controls were achieved as described previously (Guacucano et al., 2000) . Coupled PCR amplifications were performed with Paq DNA polymerase (Stratagene) using 2 ml each cDNA as template and analysed in a 1 % (w/v) agarose gel with a Kodak Digital Science system.
General DNA techniques and cloning procedures. A. ferrooxidans genomic DNA purifications were carried out using the Wizard genomic DNA purification kit (Promega). Plasmid DNA was prepared from E. coli cultures with the QIAprep Spin MiniPrep kit (Qiagen). PCR products for cloning were purified from agarose gels with the SpinPrep gel DNA kit (Novagen). Oligonucleotide primers used in this study are listed in Table 2 and PCR conditions were as described previously a-fur, an antisense RNA to fur in A. ferrooxidans IP: 54.70.40.11
On: Sat, 01 Dec 2018 01:57:17 (Quatrini et al., 2005b) . A. ferrooxidans ATCC 23270 genomic DNA was used as a template to obtain PCR products for cloning.
A region of 264 bp that contained a putative promoter region of a-fur RNA, named A, was amplified with primers 7 (ProB-fw2) and 9 (ProB-rev1) ( Table 2) . A second region (59 bp), named B, was amplified with primers 8 (ProB-fw3) and 9 (ProB-rev1) ( Table 2) . A third region (145 bp), named C, was amplified with primers 7 (ProB-fw2) and 10 (ProB-rev2) ( Table 2 ). The region named X (303 bp) was amplified with primers 7 (ProB-fw2) and 11 (ProB-rev3) ( Table 2) . ProB-rev1 and ProB-rev2 primers included in their 59 end the original Shine-Dalgarno sequence and the first codon of the lacZ gene. Purified A, B, C and X PCR products were cloned in pUJ9-SmaIdigested vector, generating pA, pB, pC and pX plasmids, respectively (Table 1) . Ligation mixtures were used to transform E. coli JM109 according to the manufacturer's recommendations. Transformants were selected on LB-Amp plates and validated by PCR analysis followed by DNA sequencing.
b-Galactosidase activity. E. coli H2331 (Table 1) was transformed with pA, pB, pC and pX, and b-galactosidase activity was determined as described by Miller (1972) using SDS and chloroform-permeabilized cells. As a positive control of b-galactosidase activity, a transcriptional fusion fur : : lacZ described previously was used (Lefimil et al., 2012) .
3 § Rapid amplification of cDNA ends (RACE). The a-fur RNA transcription end point was determined by 39 RACE. This assay was carried out as described elsewhere with minor modifications (Argaman et al., 2001) . Total RNA (10 mg) was dephosphorylated with calf intestine phosphatase (Ambion) for 60 min at 37 uC in a 20 ml final volume. An oligonucleotide named '39 RACE adapter' (Table 2) was 59 phosphorylated with T4 polynucleotide kinase (Fermentas) according to the manufacturer's recommendations. Phosphorylated adaptor (500 pmol) was mixed with 5 mg total RNA, calf intestine phosphatase-treated, heat-denatured at 95 uC for 5 min and quick chilled on ice. The ligation reaction was performed 
araD139 DlacU169 by incubating this mix at 16 uC for 12 h with 5 U T4 RNA ligase (Ambion). Reverse transcription was carried out as described above, with 5 mg adaptor RNA, but with 100 pmol single primer complementary to the 39 RACE adaptor sequence (39 RACE outer, Table 2 ). The products of reverse transcription were amplified by PCR as described using 2 ml aliquots of the reaction and the 39 RACE outer and a-fur-39 RACE primers (Table 2) . PCR products were purified by gel electrophoresis, cloned into pGEM-T Easy plasmid (Promega) and transformed into E. coli JM109 according to the manufacturer's recommendations. Transformants were selected on LB-Amp plates and validated by PCR analysis followed by DNA sequencing. All enzymic treatments of RNA were performed in the presence of 40 U RiboLock RNase inhibitor (Fermentas).
Quantitative PCR (qPCR) analysis. qPCR experiments were carried out using iQ SYBR Green supermix (Bio-Rad) in an iCycler thermal cycler (Bio-Rad); 0.5 mg total RNA was used for each reaction. cDNA was synthesized using SuperScript II reverse transcriptase (Invitrogen) and the oligonucleotide q-a-fur-rev (Table 2) , according to the manufacturer's recommendations. qPCRs were performed as described elsewhere (Hohle & O'Brian, 2009 ). Data were expressed as the mean of three experiments and the error bars represent the SD.
Bioinformatic analysis. The promoter prediction for the a-fur gene was performed using the BPROM (http://linux1.softberry.com) and Virtual Footprint (Münch et al., 2005) websites. Gene predictions were obtained for A. ferrooxidans ATCC 23270 as described previously (Valdés et al., 2008) .
RESULTS
A. ferrooxidans has a large non-coding RNA antisense to the fur gene RT-PCR experiments were performed using a variety of DNA primers as shown in Fig. 1(a) to evaluate whether an antisense RNA to fur (a-fur) was transcribed in A. ferrooxidans. The results support the existence of an antisense RNA (Fig. 1b ). Reverse transcription with primer 3 yielded a cDNA that served as a template for subsequent PCR experiments using primers 3/4 and 3/6 ( Fig. 1b, lanes  3 and 4) . cDNA synthesized with primer 1 did not result in PCR amplification, demonstrating that the a-fur RNA is not co-transcribed with omlA (Fig. 1b, lane 1) . Reverse transcription with primer 5 was used as a template for PCR with primers 5/6 and 5/7 (Fig. 1b, lanes 6 and 7) . PCR product shows amplification in lane 6, but not in lane 7, demonstrating that the start of a-fur RNA transcription lies within proB and is not co-transcribed with this gene. The RT-PCR product amplified with primers 3/6 suggested that the full length of the a-fur RNA is at least 700 nt. An alternate hypothesis is that post-transcriptional processing of the a-fur RNA leads to the observed results.
Promoter of the antisense RNA is predicted to lie within proB A bioinformatic approach predicted a s 70 -like promoter upstream of the putative 59 start of transcription of the antisense RNA. The result suggested that a possible promoter exists within proB as shown in Fig. 2(a) . To determine whether this promoter was functional in vivo, gene fusions were constructed in the lacZ reporter plasmid pUJ9 (De Lorenzo et al., 1990) . This plasmid contains a cloning site immediately upstream of lacZ but does not have a ribosome-binding site nor a translation initiation codon. A region of 264 bp that contains the predicted promoter was amplified by PCR using a primer that incorporated a ribosome-binding site and an ATG start codon. This a-fur, an antisense RNA to fur in A. ferrooxidans product, construct A ( Fig. 2a ), was fused upstream of a promoterless lacZ in pUJ9 and was used to transform the DlacZ strain E. coli H2331 (Table 1) . Transformants were grown in LB and the cultures were assayed for bgalactosidase activity (Fig. 2b) . DNA fragments, termed constructs B and C ( Fig. 2a) , that flank the predicted promoter, but contain no predicted 210 and 235 boxes, were similarly cloned and tested for b-galactosidase activity. pUJ9 was used as a negative control of expression and the previously experimentally validated promoter of fur cloned into pUJ9 was used as a positive control (Lefimil et al., 2012) . Only plasmid constructions containing the predicted promoter region of the antisense gene or the validated fur promoter resulted in significant b-galactosidase activity, whereas the constructions containing the flanking DNA or the empty pUJ9 yielded negligible activity (Fig. 2b) , supporting the hypothesis that a functional promoter was situated upstream of a-fur.
Antisense transcript does not encode a protein
A 519 bp ORF was detected in the antisense sequence that started 88 bp downstream of the +1 predicted start transcription. No corresponding protein was found in the National Center for Biotechnology Information non-redundant database (www.ncbi.nlm.nih.gov). However, in order to investigate the possibility that the antisense transcript encoded a novel protein not deposited in the database, a DNA lacZ fusion was constructed and tested for b-galactosidase activity. The fusion consisted of the validated promoter of the antisense gene together with the next 88 bp to the possible ATG initiation site (construct X, Fig. 2a ) fused to a promoterless lacZ gene in-frame with the possible ORF. There was no predicted ribosome-binding site upstream of the ATG. This construction did not exhibit b-galactosidase activity and it was concluded that no protein was produced, probably because of the lack of a suitable ribosome-binding site in the antisense transcript. We posited that the antisense transcript did not encode a protein.
Determination of the termination of transcription of a-fur
The termination of transcription of a-fur was determined by 39 RACE (data not shown). Termination was demonstrated to be located at a T, 20 nt upstream of the ATG initiation codon of fur and 7 nt downstream of the 59 initiation of transcription of fur (Fig. 3) . Thus the a-fur transcript was complementary to the entire coding region of fur but did not extend beyond the fur transcriptional unit.
a-fur RNA levels under sulfur versus iron growth conditions a-fur RNA levels were analysed by qPCR in samples of total RNA purified from A. ferrooxidans grown on either 9K-S 0 (sulfur medium) or on 9K-Fe 2+ (iron medium). a-fur RNA levels were normalized to the level of the housekeeping era mRNA as described previously (Nieto et al., 2009 ). a-fur RNA levels were significantly higher in cells grown in sulfur medium compared with cells grown in iron medium (Fig.  4) . These results were consistent with the hypothesis that afur RNA transcription is induced in sulfur medium although alternative hypotheses cannot be ruled out, including the possibility that there is a decrease in a-fur RNA degradation under iron growth conditions.
Gene neighbourhood of a-fur is conserved in 14 strains of acidithiobacilli PCR amplification experiments using genomic DNA as a template and sequence-specific PCR primers demonstrated that the proB-fur-omlA gene order is conserved in 10 different strains of acidithiobacilli from various locations around the world (Fig. 5a-c) . Analysis of available genome sequence information indicates that the proB-fur-omlA gene order is conserved in Acidithiobacillus thiooxidans and Acidithiobacillus ferrivorans (Fig. 5d ) but not in Acidithiobacillus caldus (data not shown). Examination of the genome An agarose gel display of the DNA fragments amplified by RT-PCR experiments using the DNA oligonucleotide primers indicated above and total RNA isolated from cells grown in sulfur medium. Amplification was observed only with primers 3/4, 3/6 and 5/6, permitting the location of the 59 and 39 termini of a-fur to be predicted within proB and the intergenic space between fur and omlA, respectively, as indicated by the dotted lines in (a). A total RNA sample of A. ferrooxidans was used as a template for the negative control and genomic DNA was used as a positive control (data not shown). Similar results were obtained from RNA isolated from cells grown in iron medium (data not shown). M, Marker.
sequences of 16 other acidophilic micro-organisms, including bacteria and archaea, failed to find conservation of the entire proB-fur-omlA neighbourhood (Table S1, available in the online Supplementary Material), although many instances of the conservation of the fur-omlA couple were observed, which was consistent with earlier observations (Lowe et al., 2001 ). (Massé & Gottesman, 2002) , Vibrio cholerae (Davis et al., 2005) and Shigella flexneri (Oglesby et al., 2005) . These RNAs are targets of Fur, and regulate genes involved in iron uptake and homeostasis. In contrast, we hypothesize that a-fur RNA of A. ferrooxidans is involved directly in the regulation of fur at the post-transcriptional level.
DISCUSSION
Previous studies have shown that increases in intracellular levels of Fur in A. ferrooxidans are not correlated with changes in the amount of Fur mRNA in cells grown in Predicted +1 transcription start sites for a-fur and fur are indicated by arrows. The circle above the sequence indicates the 39 terminus of a-fur as determined by 39 RACE experiments. The ATG translation start of Fur is also shown (underlined). Below the genes are shown the locations of the DNA fragments labelled A, B and C used to test promoter activity as shown below. The DNA fragment labelled X was used to test the possibility that a-fur contains a translatable ORF (see text for details). (b) b-Galactosidase activities (measured in Miller units) of DNA fragments A, B, C and X, whose locations relative to a-fur are shown in (a). A ribosome-binding site and an ATG initiation codon were incorporated into these fragments prior to cloning upstream of the promoterless lacZ reporter pUJ9. This plasmid does not contain an endogenous ribosome-binding site nor an ATG start codon. Fragment X was cloned directly into pUJ9 without prior addition of a ribosome-binding site and ATG start codon. Data are presented as the mean±SD of three experiments.
a-fur, an antisense RNA to fur in A. ferrooxidans sulfur medium versus in iron medium (Quatrini et al., 2005b) , suggesting a post-transcriptional mechanism to regulate levels of Fur. Here, we extend this work by describing a cis-encoded antisense RNA to fur, termed a-fur RNA (Figs 1, 2 and 3) , that is a candidate to carry out this regulation. Levels of a-fur increase in cells during growth in sulfur medium (Fig. 4 ) that matches increases of Fur in cells grown in sulfur medium (Quatrini et al., 2005b) . Conversely, levels of a-fur do not increase in cells grown in iron medium (Fig. 4) , correlating with the lack of change of Fur concentrations under these conditions (Quatrini et al., 2005b) .
As a working hypothesis, it is proposed that a-fur can basepair with the mRNA of Fur in a way that opens up the secondary structure of Fur mRNA, facilitating ribosome access to the mRNA and thereby modulating its translation; increasing concentrations of a-fur will result in increases in the levels of Fur. A similar regulatory mechanism has been proposed for the action of DsrA RNA in E. coli (Majdalani et al., 1998) and Borrelia burgdorferi (Lybecker & Samuels, 2007) in order to facilitate rpoS mRNA translation. It has also been proposed for RNAIII in Staphylococcus aureus (Morfeldt et al., 1995) that acts on hla mRNA, encoding toxin, and also RyhB RNA that promotes the translation of shiA mRNA, encoding shikimate permease (Prévost et al., 2007) . A similar mechanism of regulation has been described to facilitate rpoS mRNA translation in E. coli (Majdalani et al., 1998) and B. burgdorferi (Lybecker & Samuels, 2007) , hla mRNA in S. aureus (Morfeldt et al., 1995) and shiA mRNA in E. coli (Prevost et al., 2007) .
The genomic context of a-fur, antisense to the proB-fur region, is conserved in a number of other acidithiobacilli, including several strains of A. ferrooxidans and Acidithiobacillus ferridurans (experimental evidence, Fig. 5b, c) , and in A. thiooxidans and A. ferrivorans (bioinformatic prediction, Fig. 5d ). The only exception to date in the acidithiobacilli group is the moderately thermophilic A. caldus. However, this conservation does not extend to many other acidophiles, pointing to a monophyletic origin of the proBfur region harbouring antisense a-fur rather than a nichespecific requirement (extremely acidic environment). As the context of a-fur with respect to fur is also different in M. aeruginosa PCC 7806 , Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120 (Hernández et al., 2006) (Fig. 6) , it suggests that a-fur regulation of fur has evolved separately more than once.
Three a-furA RNAs from cyanobacteria, all antisense to their respective fur genes, are thought to function as posttranscriptional regulators. In Anabaena sp. PCC 7120, a null mutant of a-furA leads to an increase of~2.5-fold in the amount of FurA (Hernández et al., 2006) . An analysis of the sequence overlap between a-furA and its cognate furA suggests that a-furA could occlude the ribosomebinding site of the furA mRNA, resulting in a decrease in its translation, functioning in a way that is the converse of the proposed action of fur from A. ferrooxidans. In addition, the a-furA null mutant resulted in severe structural disorders related to the number, organization and density of photosynthetic membranes. It is not known if a-furA RNA interferes directly with the expression of genes involved in these functions or whether the effect is indirect mediated by changes in Fur levels (Hernández et al., 2010) . a-fur has also been described in the cyanobacteria M. aeruginosa PCC 7806 and Synechocystis sp. PCC 6803 Martin-Luna et al., 2011) . In M. aeruginosa PCC7806, oxidative stress resulted in alterations of a-fur and fur mRNA expression patterns. When cells were exposed to H 2 O 2 , a-fur RNA levels increased with concomitant decreases in fur mRNA levels. However, in oxidative stress mediated by methyl viologen, both a-fur RNA and fur mRNA showed an increase in their levels. The a-fur is proposed to be upregulated as a consequence of oxidative stress (Martin-Luna et al., 2011) . In the case of Synechocystis sp. PCC 6803, the potential relationship between a-fur RNA and Fur levels has not been explored .
With the exception of Synechocystis sp. PCC 6803, the 39 ends of the a-furA antisense RNAs from cyanobacteria and the a-fur from A. ferrooxidans overlap with the 59 region of their respective fur genes, including the predicted ribosome-binding sites of their cognate fur mRNAs. However, their 59 ends exhibit different sequence contexts (Fig. 6) . a-furA from Anabaena sp. PCC 7120 is thought to be transcribed from the promoter of alr1690, a putative protein-encoding gene of unknown function (Fig. 6a) . a-furA from M. aeruginosa PCC 7806 starts within the 39 region of sufE (Fig. 6b) . sufE is predicted to encode a subunit of cysteine desulfurase, a protein that is induced by oxidative stress and iron deprivation in E. coli (Outten et al., 2003) . A plausible model is that oxidative stress and iron deprivation not only regulate expression of sufE but also of a-furA . In Synechocystis sp. PCC 6803, furA is encoded entirely within the antisense region of fur (Fig. 6c ), but no details of its promoter or regulation have been described. In A. ferrooxidans, a-fur transcription is initiated within proB, encoding potentially a glutamate 5kinase involved in proline biosynthesis (Fig. 6d) . The significance of the co-localization of proB with a-fur or fur is not known. 
